Abstract Nearly half of breast carcinoma metastases will become clinically evident five or more years after primary tumor ablation. This implies that metastatic cancer cells survived over an extended timeframe without emerging as detectable nodules. The liver is a common metastatic destination, whose parenchymal hepatocytes have been shown to impart a less invasive, dormant phenotype on metastatic cancer cells. We investigated whether hepatic nonparenchymal cells (NPCs) contributed to metastatic breast cancer cell outgrowth and a mesenchymal phenotypic shift indicative of emergence. Co-culture experiments of primary human hepatocytes, NPCs or endothelial cell lines (TMNK-1 or HMEC-1) and breast cancer cell lines (MCF-7 or MDA-MB-231) were conducted. Exposure of carcinoma cells to NPC-conditioned medium isolated soluble factors contributing to outgrowth. To elucidate outgrowth mechanism, epidermal growth factor receptor (EGFR) inhibition co-culture experiments were performed. Flow cytometry analyses and immunofluorescence staining were conducted to quantify breast cancer cell outgrowth and phenotype, respectively. Outgrowth of the MDA-MB-231 cells within primary NPC co-cultures was substantially greater than in hepatocyte-only or hepatocyte?NPC co-cultures. MCF-7 cells co-cultured with human NPCs as well as with the endothelial NPC subtypes grew out significantly more than controls. MCF-7 cells underwent a mesenchymal shift as indicated by spindle morphology, membrane clearance of E-cadherin, and p38 nuclear translocation when in HMEC-1 co-culture. HMEC-1-conditioned medium induced similar results suggesting that secretory factors are responsible for this transition while blocking EGFR blunted the MCF-7 outgrowth. We conclude that NPCs in the metastatic hepatic niche secrete factors that can induce a partial mesenchymal shift in epithelial breast cancer cells thus initiating outgrowth, and that this is in part mediated by EGFR activation. These data suggest that changes in the parenchymal cell and NPC ratios (or activation status) in the liver metastatic microenvironment may contribute to emergence from metastatic dormancy.
decades-these cancer cells likely remain as microscopic foci or single cell deposits [1, 2] . Metastatic dormancy requires a combination of cell survival and escape from apoptosis-signaling pathways, coupled with a phenotype suitable for avoiding the body's immune response [3, 4] . Thus, metastatic breast cancer dormancy is likely not sustainable by the invasive, mesenchymal phenotype but rather through a partial epithelial reversion in which the cells are in a quiescent state [5] [6] [7] .
An epithelial hallmark of many non-invasive carcinomas is the membrane expression of E-cadherin that forms homotypic adherins junctions limiting aberrant autocrine EGF signaling and sequestering otherwise non-canonical protein translocation such as nuclear b-catenin [8, 9] . Many human metastatic breast cancer lesions express membranous E-cadherin, whereas their paired primary tumors are E-cadherin negative [10, 11] . This dormancy-associated E-cadherin positive, epithelial phenotype in part protects metastases from chemotherapy [12] . However, a secondary epithelial to mesenchymal transition is thought to underlie latent metastatic outgrowth [6, 13] , though the signals that drive this are unknown. To better elucidate the effects of the cellular microenvironment on the outgrowth of breast cancer, we chose to study the cells of a common organ in which breast cancer cells lie dormant, the liver.
Breast cancer cells preferentially home to the liver (with additional organotropism) that harbors cryptic metastases for years to decades [14] . The liver is comprised of parenchymal cells (hepatocytes) that are responsible for the majority of the functions associated with the liver including acute phase protein production and xenobiotic metabolism. Hepatocytes are also the cell type most commonly used in studying the hepatic microenvironment. Nonparenchymal cells (NPCs) provide for the structure and microvasculature in the liver. These cells comprise approximately 40 % of the liver by cell number [15] and are prolific sources of secreted cytokines differentially expressed in normal versus distressed hepatic microenvironments [16, 17] .
Because the specific microenvironmental factors involved in the transition from dormancy to metastatic outgrowth are poorly understood, we undertook these investigations to elucidate the potential hepatic microenvironmental cell types that underlie the transition from dormancy to outgrowth in metastatic breast cancer.
Results

Primary human NPCs confer a growth advantage to breast cancer cells
We have previously published that the MDA-MB-231 cell line in hepatocyte co-cultures undergoes a partial mesenchymal-to-epithelial reversion (MErT) in part characterized by the membrane re-expression of E-cadherin and a decreased rate of growth [5] . This partial reversion mimics the more epithelial phenotype seen in clinical metastases [10] , and so we chose this model to investigate the effects of NPCs on the outgrowth of MDA-MB-231 cells. Measurement of RFP positive MDA-MB-231 cells by flow cytometry on days 1-4 revealed an increased outgrowth of MDA-MB-231 cells cultured with NPCs that was significantly higher than co-culture with either hepatocytes or hepatocytes and NPCs (Fig. 1a) . The MDA-MB-231 outgrowth data were confirmed by microscopy (Fig. 1b) .
The MCF-7 breast cancer cell line is non-metastatic and expresses high levels of the tumor suppressor protein, E-cadherin. Although MCF-7 cells proliferate in standard culture (RPMI with 10 % serum), from an epithelial phenotype perspective, they serve as a surrogate dormant breast cancer cell type. So, we aimed to test whether NPCs could also induce proliferation among the MCF-7 cells via imaging and flow cytometry. MCF-7 cells co-cultured with primary human NPCs in serum-free hepatocyte maintenance medium (HMM) substantially outgrew the MCF-7 cells mono-cultured in serum-free HMM as the negative control (Fig. 1c, d ).
Endothelial cell lines confer a grow-out advantage to breast cancer cells Liver NPCs are comprised of stellate cells, kupffer cells, and liver sinusoidal endothelial cells [18] . We aimed to determine which NPC type could be responsible for the outgrowth phenotype observed in MDA-MB-231 and MCF-7 cells. As micrometastases form in the hepatic subendothelial space [19] , we investigated whether endothelial cells promote expansion and alter the phenotype of the epithelial breast cancer cells. For this, we used the noninvasive breast cancer line MCF-7, and two different types of endothelial cells: an immortalized human liver sinusoidal cell line (TMNK-1) [20] to represent the hepatic microvasculature, and a human microvascular cell line (HMEC-1) [21] . Co-cultures of the MCF-7 cells and NPC cell lines were performed by first seeding the NPC cells in their respective growth medium for 3-4 h to allow attachment. Next, the growth medium was aspirated, and the culture plates rinsed twice in phosphate buffered saline (PBS) before seeding the MCF-7 cells. The MCF-7 cells exogenously expressing RFP were seeded under three culture conditions: (1) co-cultured with TMNK-1 cells in serum-free HMM, (2) mono-cultured MCF-7 in serum-free HMM, and (3) mono-cultured MCF-7 in their normal growth medium (RPMI with 10 % serum). Low viability of MCF-7 cells in HMM medium was observed throughout the 4-day experimental timeframe (negative control), while the MCF-7 cells experienced exponential growth in RPMI with 10 % serum (positive control). Notably, the MCF-7 cells substantially outgrew in co-culture with the TMNK-1 cells in HMM as observed by microscopy and flow cytometry, suggesting that the TMNK-1 cells provide a survival and grow-out advantage (Fig. 2a, c) .
After co-culturing MCF-7 cells with the liver-specific endothelial cell line (TMNK-1), we investigated whether other endothelial cell lines would induce the same MCF-7 outgrowth phenotype. We, therefore, co-cultured MCF-7 cells with the HMEC-1 cell line. The HMEC-1 co-cultured MCF-7 cells experienced outgrowth similar to the TMNK-1 co-cultures by microscopy and flow cytometry (Fig. 2b,  c ).
NPCs confer a partial mesenchymal phenotypic shift
To investigate the effect of NPCs on breast cancer cell phenotype, we co-cultured the epithelial MCF-7 cells with HMEC-1 cells. MCF-7 cells in standard growth medium are characterized by a cobblestone appearance and tight cell-cell contacts (Fig. 3a, left) . In MCF-7 and HMEC-1 co-cultures, a sub-population of the MCF-7 cells became The epithelial cell phenotype of MCF-7 cells was confirmed by E-cadherin membrane staining that forms cellcell adherins junctions in the RPMI controls (Fig. 4a, left) . In the HMEC-1 co-cultures, a sub-population of MCF-7 cells fail to maintain membrane E-cadherin expression with E-cadherin noted in cytosolic vesicles (Fig. 4a, right) . Immunoblotting revealed that total cell E-cadherin protein levels remain constant (Fig. 4b, c) throughout the HMEC-1 co-cultures even as the E-cadherin localization changes.
It has been previously been demonstrated that the mitogen-activated protein kinase, p38, is involved with pathways supporting cell cycle arrest in the G0/G1 checkpoints, as it forms complexes in the cytoplasm [22] . Further studies have suggested that changes in p38 to extracellular signal-regulated kinase ratios contribute to metastatic dormancy or emergence [23, 24] . The nuclear translocation of p38 from the cytosol has been implicated in stress response pathways including the upregulation of tumor necrosis factor alpha (TNF-a) [25] -with TNF-a being an important promoter of carcinoma invasion and metastasis [26] . So we investigated the effect of MCF-7 p38 differential localization in the HMEC-1 co-cultures. MCF-7 cells co-cultured with HMEC-1 cells exhibited p38 concentrated in the cell nuclei whereas it was found to be cytosolic in the control cultures (Fig. 5) . All experiments performed at least three independent times. p value \.001 using a two-tailed Student's t test NPC-induced MCF-7 outgrowth is partially mediated by soluble factor secretion through epidermal growth factor receptor (EGFR) activation
NPCs Confer MCF-7 Outgrowth
We investigated whether paracrine soluble factor signaling from the HMEC-1 cells to the MCF-7 cells was at least in part responsible for the breast cancer cell outgrowth phenotype. MCF-7 cells were cultured in HMEC-1-conditioned medium cultures (in HMM), which prompted an outgrowth phenotype as noted in the HMEC-1 co-cultures (Fig. 2b, c) but to a lesser extent (Fig. 6a, b) . In order to uncover a plausible mechanism for the NPCinduced MCF-7 outgrowth and partial EMT switch, and given that MCF-7 cells express EGFR (though not aberrantly) and that hepatic NPCs are known to secrete EGFR ligands [27] , we investigated whether the mechanism of HMEC-1 signaling to MCF-7 cells involved the EGFR pathway. The HMEC-1 and MCF-7 co-cultures were treated with an EGFR receptor inhibitor, and we evaluated outgrowth by flow cytometry to determine if the outgrowth phenotype would be attenuated. Inhibition of EGFR significantly blunted MCF-7 cell outgrowth while the positive control of EGFR inhibition in MCF-7 RPMI cultures promoted outgrowth (Fig. 6c) .
Discussion
Despite advances in successfully treating breast cancer within the primary site, breast cancer has the insidious propensity to recur many years or decades after primary tumor diagnosis and intervention [3, 14] . This recurrence is typically refractory to current treatments including radiation, chemotherapy, and surgical resection [4, 28] . The long latency period between primary tumor diagnosis and clinical metastatic presentation is termed metastatic dormancy. One mechanistic trigger of metastatic dormancy may be additional genetic aberrations within the metastatic cells conferring a growth arrest, or even a balanced equation between carcinoma proliferation and apoptosis. However, another explanation that has been largely overlooked in comparison is the role of the stromal cells within the metastatic niche conferring dormancy or emergence (as well as drug resistance). It has been previously demonstrated that the epithelial versus mesenchymal status of breast carcinoma cells impacts their proliferation rate, survival signaling, and resistance to chemotherapeutics [12] . However, only experimental methods such as exogenous EMT inducers (e.g., Snail, TWIST) or introduction of EGFR receptor ligands into culture have demonstrated a mesenchymal shift indicative of an outgrowth phenotype. To date, very few investigations of endogenous factors inducing a metastatic breast cancer outgrowth phenotype have been conducted.
Further, developing a physiologically relevant dormant metastatic experimental system has been a significant challenge [7, 29, 30] though progress is being made. However, as an alternative to studying metastatic dormancy directly, we aimed to study physiologic components in the liver microenvironment that could be responsible for emergence from metastatic dormancy. The principle being that if we can uncover metastatic breast cancer proliferation inducers (a phenotypic switch back to a mesenchymal phenotype), then we might be able to backward integrate into what may prompt the precursor dormancy period. We therefore directed our attention to the hepatic stromal cells with particular emphasis on the endothelial cells. We investigated the endothelial cell effect because breast cancer hepatic metastases must first extravasate and form under the endothelial space [19] . Though these investigations, we first identified that the highly invasive and mesenchymal MDA-MB-231 cell outgrowth is attenuated by primary human hepatocyte coculture, but that this outgrowth is exacerbated by the inclusion of human NPCs. This provided evidence that the hepatic NPCs (physiologically present in the liver) provided a favorable outgrowth environment for the breast cancer cells in this culture system. However, considering that the MDA-MB-231 cells are highly metastatic and mesenchymal, they don't serve as surrogate dormant, epithelial-like metastases. We, therefore, co-cultured the epithelial, non-metastatic human immortalized breast cancer cell line (MCF-7) with human NPCs and confirmed the same carcinoma outgrowth phenotype. In order to further identify which of the NPC types were responsible for the outgrowth, we co-cultured the MCF-7 cells with two human immortalized endothelial cell lines and confirmed the MCF-7 outgrowth phenotype-suggesting that the outgrowth can be driven by NPCs with the endothelial cells being at least partly responsible.
B C E-cadherin Levels Remain Constant
Because we hypothesized that the emergence from metastatic dormancy required a secondary reversion to a mesenchymal phenotype, we investigated and discovered that the endothelial cells drove the E-cadherin positive MCF-7
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Nuclei MCF7 + HMEC-1 All experiments performed at least three independent times breast cancer cells to a partial mesenchymal phenotype, while they simultaneously conferred this grow-out advantage. Moreover, the MCF-7 E-cadherin was internalized into the cytosol in endothelial co-cultures while total MCF-7 E-cadherin remained constant, suggesting that E-cadherin may be readily available for membrane re-localization to potentially establish a secondary MErT for survival if outgrowth were interrupted. We further investigated whether MCF-7 p38 was modulated by the endothelial cell co-cultures and discovered a p38 nuclear translocation suggesting a nuclear factor role for metastatic outgrowth.
These investigations have certain limitations that merit further investigation. Although we used the MCF-7 cell line as a surrogate dormant carcinoma-we did so by epithelial phenotype only, as these cells proliferate in standard culture. The MCF-7 p38 nuclear localization in endothelial co-cultures may be conflated by a potential stress response induced by the otherwise non-permissive HMM, though the negative control is not possible because the MCF-7 cells alone in HMM perish. It is yet to be determined which soluble factors are responsible for activating EGFR, and we did not investigate whether GPCRs might compensate for EGFR blocking. However, these are natural investigative progressions that we aim to address in future work.
In conclusion, these data suggest that perturbations of the parenchymal hepatocytes and NPCs in the liver metastatic microenvironment may differentially contribute to metastatic dormancy, stability, or emergence. Therefore, dormancy and emergence from dormancy may hinge upon the inactivated or activated status of the hepatic NPCs, thus making the metastatic niche a potential therapeutic target to combat metastatic disease that may one day illuminate new drugs, and therapies that could be effective against larger patient sub-populations independent of the carcinoma's genetic gradations. Further still, considerations for long-term hormonal adjuvant therapy (e.g., tamoxifen) as effective combatants for reducing late breast cancer recurrence have received significant scrutiny while holding promise [31] . However, the mechanism of action from these endocrine adjuvants may be through in part the mitigation of the activated status of the NPCs in the metastatic niche versus direct action against the carcinoma cells. So, further investigations to optimize endocrine inhibiting adjuvants among resident, metastatic stromal cells may further improve patient outcomes of endocrine-resistant breast cancer.
Materials and methods
Cells and cell culture RFP expressing MDA-MB-231 and MCF-7 cell lines were transfected as previously described [5] . To maintain selection for RFP positive breast cancer cells, MCF-7 cells were cultured with 900 lg/ml G418, and MDA-MB-231 were cultured with 5 lg/ml puromycin in RPMI-1640 ( Co-culture TMNK-1 or HMEC-1 cells (NPC cell lines) were trypsinized from T75 flasks at 80 % confluence and resuspended in their respective growth medium with 10 % FBS to inactivate the trypsin. NPC were spun into pellets, their growth medium aspirated, and resuspended in HMM. 20,000 NPC cells/cm 2 were seeded into 12-well polystyrene plates and allowed to attach for 3-4 h before breast cancer cell co-culture. Breast cancer cell lines were prepared the same way as the NPC cell lines but seeded at 1,000 cells/cm 2 after the NPC attachment period.
Imaging
Phase contrast images were captured by an Olympus inverted scope and digitally captured using Spot Advanced TM software (Diagnostics Instruments, Macomb, Michigan). Confocal images were captured on an Olympus Fluoview 1000 scope (Olympus, Center Valley, PA) and captured using Fluoview Viewer TM . Immunofluorescence was performed by 24-h primary antibody incubation against E-cadherin Cat# 610182 (BD Biosciences) and phospho p38 Cat# 4631S (Cell Signaling, Danvers, MA) each at 1:200 dilution. Alexa Fluor Ò 488 rabbit anti-mouse (Life Technologies) secondary antibody was incubated for 45 min at room temperature at 1:500 dilution. Hoechst was incubated for 10 min at 1:500 dilution at room temperature.
Cell morphology quantification
Images from MCF-7?HMEC-1 co-cultures in HMM versus MCF-7 in RPMI growth medium were imported into ImageJ Version 1.44i (U. S. National Institutes of Health, Bethesda, Maryland). Two fields per experimental condition were analyzed. Cell perimeters and midpoint widths were manually traced and measured in pixel units using the ImageJ functions. The ratio of width versus perimeter was computed for each cell and the mean values, standard deviations, and Student's t test (2 tailed) were calculated using Prism 6 (GraphPad Software, Inc., La Jolla, CA). Immunoblotting A 7.5 % SDS-PAGE gel resolved cell lysates and were subsequently transferred to a PVDF membrane. Membranes were blocked with 1 % serum albumin for 1 h and incubated overnight with E-cadherin primary antibody Cat# 3195 (Cell Signaling, Danvers, MA) or Actin (Abcam, Cambridge, MA). Chemiluminescence was detected on film following incubation with peroxidase-conjugated secondary antibodies.
Flow cytometry
Cell cultures in each well were incubated in trypsin for 30 min until dissociated. 2 ml of PBS with 2 % FBS were added to each well, transferred to flow tubes, and pelleted. The media was aspirated, and cell pellets incubated with the reconstituted components of the Alexa Fluor Ò 488 Annexin V/Dead Cell Apoptosis Kit (Life Technologies, Carlsbad, CA) for 15 min. The reaction was terminated by adding 100 ll of the Annexin binding buffer to each tube. 10 ll of CountBright TM Absolute Counting Beads (Life Technologies, Carlsbad, CA) were added to each tube to compute the number of RFP positive, Annexin V negative breast cancer cells. Cell suspensions were run on the BD LSRFortessa TM flow cytometer and BD FACSDiva Software (BD Biosciences, Franklin Lakes, NJ).
EGFR inhibition
PD 153035 hydrochloride Cat# 1037 (Tocris Bioscience, Minneapolis, MN) was incubated in EGFR inhibition treatment cultures at a 500 nM concentration throughout the experiment. HMEC-1 cells were plated and seeded with MCF-7 cells as described above except that the MCF-7 cells were resuspended in the EGFR inhibitor media where applied.
Statistical analysis
Graphical data are provided as mean ± standard deviation from three independent technical replicates. Except where otherwise noted, p-value significance was evaluated using ANOVA and Tukey method and set at a minimum 0.05. Images were representative of at least three independent fields per well.
